Nanoscale substrate cleanliness is an essential requirement in a variety of nanotechnology applications. The proposed particle removal technique based on pressure shock waves due to laser induced plasma is of interest in various nano/micro-manufacturing applications in which the minimum feature size is reducing rapidly. Any removal method adopted in a manufacturing process must be on the same shrinking feature reduction curve since, for device reliability, the minimum tolerable foreign particle size on a substrate depends on the minimum feature size on a nano/microsystem or device. In the current study, the transient pressure fields exerted on a surface with nanosecond pulse laser generated plasma shock waves are measured using a polyvinylidene difluoride film (PVDF)-based line transducer that was designed and tested for this particular measurement task. Using the pressure data, the corresponding diameters of latex particles that can be removed at these pressure levels are then calculated. It has been shown that latex particles as small as 60 nm in diameter can be removed from silicon surfaces using the nanosecond pulsed laser. Experimental removal data supporting these predictions are also included and discussed.
Introduction
Nanoparticle removal is a critical requirement for various applications in nano-manufacturing, semiconductor devices and photonics/optics. As the feature size in nano/micromanufacturing continues to shrink, the particle removal requirements inevitably become more stringent. Industrial cleaning techniques currently in use include brush scrubbing, ultrasonic and megasonic cleaning, centrifugal spray cleaning, vapour phase cleaning, fluid jet cleaning and cryogenic cleaning. The brush scrubbing process is constrained by the size of the particle that has to be removed as the brush has to establish good mechanical contact with the particle [1] . In the megasonic and ultrasonic wet cleaning techniques, the fluid used should overcome the viscous effects and capillary force to generate high enough flow rates to remove the nanoparticles. For nanoparticles, excitation of the fluid to 1 Author to whom any correspondence should be addressed.
increase the efficiency of the process might lead to cavitations and subsequent damage [2] . The wet cleaning techniques such as centrifugal spray cleaning and fluid jet cleaning have to be followed by a heating process. During the heating process, the liquid may vaporize resulting in damage [1] and leaving stains of undesired chemicals [3] . The majority of these techniques are limited to surfaces without features (e.g. trenches and holes) [4] and substrate damage during their application is the major concern. In general, the size of particles that can be removed using these standard cleaning techniques is limited to 0.1 µm. According to the 2002 International Technology Roadmap [5] , by the year 2006, techniques that can remove standard polystyrene latex (PSL) particles with diameters less than 15 nm from silicon substrates will be required, and currently, according to the roadmap update, there is no known method for removing PSL particles smaller than diameter D = 40 nm. Therefore, the development of novel techniques that are dry, non-contact and non-destructive is needed for nanoparticle removal. The use of short pulsed lasers for direct pulsed laser irradiation processes has been demonstrated and analysed in the past [6, 7] . The inertial forces generated due to the short pulse initiated rapid thermal expansion result in high surface acceleration [8] , which leads to particle removal. The major concern with direct pulsed laser irradiation is the substrate damage due to strong localized stresses and thermal effects [9] . These stresses can result in substrate damage, change in surface roughness and cracking of the top layers. According to the linear thermoelastic material model, the approximate lower bounds for damage-free removal of silicon particles from silicon and copper substrates with a nanosecond pulsed laser are, respectively, 600 and 630 nm [9] .
The laser induced plasma (LIP) process, developed as an alternative method to address the aforementioned shortcomings of the direct laser irradiation method, is a dry and non-contact particle removal technique. The use of LIP has been previously reported in [10, 11] for silica particles on silicon substrates and tungsten and copper particles on silicon wafers. The objective of the current study is threefold:
(i) to determine the effectiveness of the LIP process for nanoparticle removal; (ii) to determine the minimum size for particles that can be removed with an available nanosecond pulsed laser; and (iii) to compare the numerical and experimental results for PSL-silicon substrate systems.
As depicted in figure 1, in the LIP process an incident pulsed laser beam with 5 mm diameter is converged at the focal point of a convex lens. This focusing leads to a rapid increase of temperature and energy density around the focal point leading to the dielectric breakdown of air and resulting in the formation of plasma [12] . In the case of a 7 ns laser pulse with 300 mJ pulse energy, it is reported [13] that the expansion and saturation of plasma takes place during the first few microseconds of breakdown and then the hot core of air surrounding the plasma emerges as an expanding spherical shock wavefront. In the LIP technique this shock wavefront pressure is directed to a surface with particles to break the adhesion bond between the particle and substrate system. The minimum size of particles that can be removed by LIP depends on the maximum pressure applied to the substrate, which is a function of the firing distance, the distance between the centre of plasma and the substrate [10] . The airflow induced by the shock wavefront could initiate a rolling and/or sliding of particles [14] if critical pressure magnitudes for the particles are achieved. Since the initiation of the pressure required for rolling is less than that for sliding, the dominant removal mechanism in the LIP process is assumed to be rolling. The force of adhesion F A between a spherical particle and a flat substrate according to the Johnson-Kendall-Roberts (JKR) model is given by
where W A is the work of adhesion (Dupré's energy) between a spherical particle with diameter D and the substrate [15] . W A is the amount of energy required to separate the particle and the substrate from intimate contact established at the stable equilibrium configuration. The work of adhesion depends on the air humidity and temperature as well as the atomic structures and interface quality of the particle and the substrate materials (for details, see [16] ). The work of adhesion between a PSL particle and silicon substrate under room conditions is given as W A = 2.02 × 10 −2 J m −2 . The radius of contact between the spherical particle and the substrate surface a is determined, by considering elasticity, as
where 2 and E 2 are, respectively, the Poisson's ratios and the Young's moduli of the particle material and the substrate material. Figure 2 depicts the force diagram of a spherical particle on a flat substrate. Applying moment balance at the point O gives the approximate relation for critical pressure required for removal of a particle in the rolling mode:
where A s is the hemispherical area (effective area) normal to the applied LIP pressure, m the mass of the particle, g the acceleration due to gravity and θ the angle between the applied force and the plane parallel to the substrate surface. In the current application, the mg term in equation (3) can be neglected due to the magnitude of typically required acceleration levels for nanoparticle removal. The critical removal pressure for a 60 nm PSL particle on a silicon substrate is approximately 45.35 kPa when θ approaches 0 or π [16] . To study the LIP transient pressure field on the surface of the substrate, a PVDF transducer integrated with a charge amplifier was employed.
Experimental procedure
Initial calculations and removal experiments indicate that LIP is a viable technique for microparticle and nanoparticle removal [9, 11, 17] . To quantify the applicability of these predictions to nanoparticles, a set of experiments have been designed and conducted. A schematic diagram of the LIP transient pressure measurement set-up is presented in figure 3 . The laser employed in the experiment is a Q-switched Nd:YAG (Quantel Brilliant series Q44) 1064 nm pulsed laser, operating at a fundamental wavelength of 1064 nm and with a pulse energy of 370 mJ. The pulse width is 5 ns, the repetition rate is 10 Hz and the beam diameter is 5 mm. The laser beam is converged using a 25 mm diameter, 100 mm focal length lens with a 1064 nm specific antireflective coating. A polyvinylidene difluoride (PVDF) line transducer was built using a 28 µm thick, piezoelectric PVDF film (Measurement Specialties, Inc.). At low excitation frequencies compared to the lowest internal resonance frequency of the PVDF film, the voltage generated between the electrodes of the PVDF film is proportional to the magnitude of the pressure field exerted on a surface of the film. The PVDF film was bonded to a rigid plastic shim backing using cyanoacrylate adhesive. The effective dimensions of the rectangular sensing element are 0.75 mm × 5 mm (which appears as a thin line in the top view) for good spatial resolution as shown in figure 4 . The rigid backing was moulded using fast cure epoxy (Epo-Kwick, Buehler). The mould was cased with an aluminium foil to minimize the electromagnetic interference between the laser beam and the film material since PVDF is pyroelectric. The equivalent capacitance of this transducer is measured as 4 nF and the sensitivity of the line transducer is determined as 0.0337 pC Pa −1 . An inverting charge amplifier was designed and characterized using an arbitrary waveform generator specifically for this application. The bandwidth of the charge amplifier at −3 dB is determined as 0.19 (lower limit) and 41.6 MHz (higher limit). The PVDF line transducer was placed on a linear translation stage with a spatial resolution of 20±10 µm. The critical distance d from the centre of plasma to the stage was adjusted by vertical sliding of the translation stage. The trigger line to the digitizing oscilloscope (Tektronix TDS 3052) was provided from the power unit of the Nd:YAG laser. The steps of the shooting process for the experiment are discussed below in detail.
Pulsed laser firing procedure
The PVDF line transducer was aligned with the plasma using a diode laser. A single pulse was fired at a distance of d = 1.3 mm and the PVDF line transducer connected to the charge amplifier generates a pulse proportional to the applied pressure since the central frequency of pressure excitation is low compared to the resonance frequency of the transducer. The transient waveform from the amplifier, triggered by the pulsed laser unit, was saved for processing. This measurement procedure is repeated for different firing distances and the recordings of the digitizing oscilloscope were saved. 
Calibration for pressure waveform measurements
where A( f ) is the amplifier gain function in frequency domain and T the low frequency approximation of the transfer function of the PVDF transducer, which is approximated for the frequency band of the current application as T = −g 33 t = 9.24 × 10 −6 V Pa −1 where g 33 = −330 × 10
is the piezoelectric coefficient of the PVDF film for the axis of applied pressure and t = 28 × 10 −6 m is the thickness of the PVDF film. Finally, the response obtained, P( f ), is transformed back into the temporal domain, P(t), using an inverse fast Fourier transform (IFFT) routine and the pressure waveform obtained, P(t), is presented in figure 5(d) .
Experimental results
The are given in figure 6 . The increase of the maximum pressure levels with the firing distance is clearly demonstrated. As the pressure level is increased, the minimum size of particle that can be removed by that level of pressure decreases as depicted in figure 7 ; the curve P denotes the LIP pressure peaks detected by the PVDF line transducers at different given in figure 7 . The adhesion pressures required for PSL particle removal from silicon substrate were calculated using the JKR model. Thus, the curve D indicates the diameters of the PSL particles that can be removed corresponding to the LIP pressure generated at different firing distances. The curves P and D were extrapolated below a firing distance of d = 1.3 mm, since saturation of the charge amplifier occurred.
In current experiments, it was observed that firing distances d 1.3 mm result in substrate damage for the type of laser used. Substrate damage in this particular experimental set-up is due to interactions between the plasma and the substrate. It is important to note that the first-damage mode is not mechanical. The damage threshold was marked at a firing distance of 1.3 mm in figure 7. At this firing distance, the size of particles that can be removed is approximated as 55 nm. As a result, the particle removal limit was marked at particle diameter D = 55 nm. This graph is in agreement with the published experimental results, which prove that 60 nm PSL particles can be removed at a firing distance of 1.4 mm as shown in figure 8 [17] . Thus, it is observed that the damagefree removal of 60 nm particles is possible with a 370 mJ pulsed laser at 1064 nm wavelength with 5 ns pulse duration in the LIP process.
Conclusions and remarks
A set of experiments are conducted to study the nanoparticle removal effectiveness of the laser induced plasma particle removal technique for a 5 ns pulsed Nd:YAG laser. The transient pressure fields generated in LIP are measured using a PVDF line transducer, particularly designed and calibrated for the current application. The LIP pressure fields at different firing distances are measured and the pressure levels are related to the minimum sizes of particles that can be removed. The JKR adhesion model is used to determine the minimum PSL nanoparticle that can be removed. These predictions are compared to the experiments for removing 60 nm PSL particles on silicon substrates. It is demonstrated and verified that the LIP process can generate sufficient pressure fields for damagefree removal of 60 nm PSL particles from silicon substrate. It is noteworthy that the substrate damage reported in the current study is predominantly due to the interactions between the plasma and substrate material. The pressure levels measured in this study are insufficient to cause mechanical surface damage in silicon. Therefore, it is reasonable to conclude that, using pulsed lasers with larger pulse energies and shorter pulse widths, it would be possible to remove particles that are smaller than 60 nm. Further work in this direction is under way.
